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Fundamental Challenge — Condensed Matter /\l ‘m

BERKELEY LAB

Understand the Interplay between Atomic and Electronic Structure

- Valence electronic structure — energy levels, charge distribution, bonding, spin
- Atomic structure — coordination, atomic arrangements, bond distances

Particularly in systems that challenge the standard paradigms :

- beyond single-electron band structure models, Landau-Fermi Liquid Theory
complex materials exhibiting strong correlation among charges,
and between charge, spin, orbit, and lattice

Band Structure (g character)

Energy {(eV)
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Tlifetime # (E'EF)-VZ
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- beyond simple adiabatic potential energy surfaces
Born-Oppenheimer approximation

'/’total # '//nuclear '//electronic

Atomic Structural Dynamics

Electronic Structural Dynamics

electron-phonon interaction ~ 1 ps

atomic vibrational period: T, = 2r(k/m)-"2 ~ 100 fs
k~eV/a? m~102° Kg

e-e scattering ~10 fs
e correlation time ~100 attoseconds (a/Vg,,,)
o structural phase transitions (f — « bond dynamics, valence charge flow
e chemical reactions dO-Op — dp-ob

e electronic phase transitions
e correlated electron systems
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Ultrafast X-rays: ;ﬁl A
Quantitative Information on Electronic and Atomic Structure ’\‘

time-resolved x-ray spectroscopy
XANES - local electronic structure, bonding geometry

™ element specific

(x-ray absorption near-edge structure) symmetry/ Spin selective

XMCD, XMLD — spin,mar%netization _ dichroism > ferromagnetic/antiferromagnetic order
(x-ray magnetic/linear dichrois molecular systems and reactions

EXAFS 7 ocal atomic structure and coordination _  interfaces, complex/disordered materials

absorption

[ E;é—é '_E fir)
N -

energy

(Y
Kedge

Spin Moment Orbital MoEent

- X-ray Absorption — unoccupied states

%2 |
left right
2 Photoemission — occupied states
s HAE & single particle spectral density fcn. A(k, w)
B
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B
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Outline

Structural Dynamics in Colossal Magnetoresistive (CMR) Manganites

- ultrafast photo- and vibrationally-induced insulator-metal transition in Pr, ,Ca MnO,
» electronic structure — time-resolved XANES (O K-edge, Mn L-edge)

Structural Dynamics in Solvated Transition-Metal Complexes
* spin-crossover transition — Fe(ll) complex — EXAFS, Fe K-edge (atomic structure)
* spin-crossover — Fe(ll) — XANES, Fe L-edge (electronic structure)

Ultrafast X-ray Science Facility at the Advanced Light Source

« development undulator based beamlines for femtosecond x-rays
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Colossal Magnetoresistive Manganites /\l
: :

- magnetic control of electronic structure (magneto-transport)
- rich phase diagram — order/symmetry breaking
- new physics, correlation effects — other complex materials g

Pr,,.Ca,MnO,4
Pr,,Ca, ;MnO,

Electron-delocalizing
= double-exchange

t
@vVn e0O e@Pr/iCa = / ;; /%é /%é
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E \ - fundamental physics
N Cr : 1 w02k atomic/electronic
E : CAFI E .
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Tokura et al., PRB, 1996 X Temperature [K]1  Tomioka et al., JPSJ, 1995
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Vibrationally Driven I-M Transition in a Manganite
via coherent THz excitation

Wavelength (um)

M. Rini, et al., Nature, 2007
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Vibrationally Driven I-M Transition in a Manganite ’\l A
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@Mn e0O ePrCa

Wavelength (um)
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S00
Mn-O 5
%0 Mn-O || stretch " 1
| bend \ =7

Optical Conductivity (Q’Em")
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via coherent THz excitation ’\
Pr,,Ca, ;MnO,
“Nhv
Vens =

-

Direct Measure of Transient Conductivity

Current (puA)

Conductivity (€3 'cm™)
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M. Rini, et al., Nature, 2007
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Vibrationally Driven I-M Transition in a Manganite *:}l A
via coherent THz excitation ’\‘
Wavelength (um)
]
g
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i Ultrafast X-rays - New Insight on Complex Materials

Vibrationally Driven I-M Transition in a Manganite

* THz vibrational control of correlated-electron phases
targeting specific vibrational modes - Mn-O stretch

« Ultrafast I-M phase transition - electronic ground state
x104 resistivity change et o -

@Mn 0O ePrCa

orbital wave excitation

¢ _electronic ground state

Future Scientific Questions and Challenges:
Crystallographic distortion associated with electronic phase transitions?
ultrafast x-ray diffraction, EXAFS

o T2 T oo Magnetic nature of the metallic phase - ferromagnetic?
o@ogomo ultrafast x-ray dichroism
@ % o2 . . : :
) ogo;’mgo Dynamics of electronic structure - charge/orbital ordering?
5.2 s ultrafast resonant x-ray diffraction
yoefm% 0@“0@? time-resolved soft x-ray microscopy (phase separation)
(@)

Dynamics of electronic structure — charge localization/delocalization?
ultrafast XAS — 3d-2p hybridization
ARPES — dynamic band structure, valence charge distribution

Ultrafast x-ray techniques relevant for a broad range of complex materials
(organics, multiferroics, novel superconductors.....)

maessssssssssssssm L. AWRENCE BERKELEY NATIONAL LABORATORY
R. Schoenlein APS ‘SPX’ Workshop



~

Time-resolved XAS *’/'}l A
Insulator/Metal Transition in Manganite (PCMO) ’\‘

M. Rini, Y. Zhu, R. Schoenlein — LBNL Materials Sciences
S. Wall, R. Tobey, A. Cavalleri - Oxford

Mn3+
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* Mn-3d/0-2p hybridization
- Modification of 10dq crystal field splitting
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Fe' Spin-Crossover Molecules
VLT Feftren(py),J**
(charge-transfer state)

—— ".’.. TNSOO fS

—_— VL
hv .
=
—— high-spin state > 1 2
low-spin state 'Ayg
T low spin high spin
AS=2 T+

% % % % % % * ~10-15% increase in metal-ligand bond distances
(tog)°®

) (e )2 - trigonal cage distortion? X& ﬁ
29 g
Motivation:

* ligand field strength (10Dq) ~ electron pairing energy
* relationship between structure, electronic, and magnetic properties

Do the dynamic structural distortions facilitate the spin-crossover reaction?

* electron transfer mechanistic role in biochemical processes (cytochrome P450)
* molecular electronics, opto-magnetic storage material
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Static X-ray Absorption Spectra - Fe' in Acetonitrile

(M. Khalil, M. Marcus — ALS BL 10.3.2)

chemically stabilized - synthesis:

B NG A. Smeigh, J. McCusker
1 R=H (low spin) R=CH, (high spin)
m Feltren(py)sl(PFe),  Feltren(6-Mepy)s](PFg),
=
0.5 15— 3d
l low spin Fe-N(A)
oL . high spin | — " — |Low spin  High spin
7100 7150 7200 1.94 +0.01 2.19 +0.01
energy (eV)
Fe 1s — 3d (distortion from octahedral symmetry) 1.95 2.14 Fe-N (imine)
Fe 1s — 4p (mixing of Fe-4s,-4p and N-2p) 2.28 Fe-N (pyridine)
Fe' XAFS A - Sinlkr 4, (&) —| [«—o0.23A
krj2 - \
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= “m = : i
(18
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k (A1) Fe-N (A)
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Time-resolved X-ray Absorption Spectra - Fe' in Acetonitrile

Time-resolved Spectra (ALS BL 5.3.1)

Ge crystal X-ray probe APD
mono . (70 pS, 71 keV) detector

delay }

laser pump

flowing jet
0.5 mm, ~30 mM

chopper
75 fs, 400 nm
(2 kHz)
MLCT
(charge-transfer state)

—_ .“.’
s —— ", 1~300 fs
3 —”’0
c
5 hv
‘.é- 1 ; 5T2g
(] p— A1g high-spin state
2 low-spin state
©

| ! ! !

e
:(::m) 600 700 %%% AS_Z%++

(tog)° (tag)* (&)

!
400

high spin
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Fe! Time-resolved EXAFS

| —
1=330p

pump (3.1 eV) probe (7.1 KeV)
1 -
‘é_a " 11 Future: Femtosecond XAS
o} EXAFS: ligand structural dynamics
<1

_ XANES: Fe oxidation state dynamics
9 0.5 Fe-N bonding

Fe-4s,4p N-2
T XAS att=0 ps (Fe-4s,4p p)

X 01 a (low spin)
T T T T T 0' T T T
7100 7150 7200 7250 7300 7100 7150 7200
energy (eV) energy (eV)
Reactant Photoexcited 0k E,=7140eV
1A, (t=0) °T,(t=330 ps)
N | 605 6.5 +1 S-1-
=
R(A)[1.94 £0.01 215:0.03 32
o (A2 0.001 0.009

-200 0 200 400 600
delay (ps)
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Fe' Spin-Crossover Molecules - Future Directions

Soft X-ray XANES PG
Charge Transfer = Ligand Bonding = Spin State ¥ :

Electronic structure: L-edge spectroscopy
Metal-ligand bonding (high-spin vs. low spin)
- Fe 3d-electrons (N-2p)

- spin state (S-

O split Fe-2p)

Solvent influence

- dielectric interaction with charge-transfer process
- steric interaction with ligand distortions?

~
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~0.5 um thick
liquid sample cell

100 nm SizN, windows

n Fe[tren(py),;]?* in acetonitrile

N
Lee, etal., JACS, 122, 5742, 2000

MLCT
(charge-tﬁnsfer state) 1
i\ 0.9
AS=2 .
Iow;spi_n state high-spin state 0.8l
Fe-3d 8 0.7
w4 F4+4 g 0.6
(t29)6 (t29)4 (eg)2 8 05 B
O
© 0.4
| 0.3[
0.2]
01y
Fe-2p;, 900
R Y Y —" —
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1.6eV
—>
1
09T A Low-spin
0l ground state
0.7t ® Photo-excited |
' high-spin state
S 0.6 1
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017
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Future Directions - Fe!' Spin-Crossover L-edge XANES

L,, Transient Absorption Spectra

energy (eV)

Theory: (Brois et al., JACS, 117, 1995)
» ~0.55 eV reduction in 10Dq
- contribution from core-hole correlations

712

AT/T normalized
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L, Transient Absorption Spectra
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Dxnamlc Probe of Electronic Structure - Time-resolved ARPES

(Angle-Resolved Photoemission Spectroscopy)

Photoemission (ARPES) — A(k,®) single particle spectral density function
In response to tailored perturbation (vibrational/electronic, relevant energy scale)

Energy E-u (V)

. . Bi - i | ic density of stat
MgB, - Modulation of Electronic Structure |+ occupied electronic densily of states

E,, Mode (17 THz)

1T-TaS, - Modulation of Hubbard Gap
coherent phonon excitation

=
8 -Tg %
E- C
: 2 £
=] )
* 5 E —1.4ps
= <| —16ps
= ¥ ' | ' | '
0 ] o 4 G 8 04 02 00
. % ,j\ . Pump-Probe delay (ps) Binding Enargy {2V
r ML AT r ML AT .
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Pseudogap/Cooper Pair Formation in Unconventional Superconductors

R. Kaindl
* in k-space, at relevant time scales (time-resolved ARPES, RIXS) o

* in response to tailored perturbation - energy scale of A(k)

Intense mid-IR femtosecond pulses . i i
Excited state AA(k,»): electronic couplings?

l Formation kinetics of correlations (CPs, Gap)?
Separate electronic components in time?

Non-thermal quasiparticle populations

application to organic systems
k-(BEDT-TTF)2Cu(NCS)2

(@)

particle
dispersion

BEDT-TTF
layer

Fermi
surface

T*<T

2l
~<|

Cu(NCS)z
layer PP

r M -

Ronninq_et al., Science |9 9@22
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Direct (static) Probes of Electronic Structure

Soft X-ray Absorption — unoccupied energy states
Photoemission (ARPES) — A(k,®) single particle spectral density function
Time-resolved — separation of correlated phenomena in time

Soft X-ray Absorption

UPS -0 15 XAS of VO,

i |Metallic Phase

NORMALIZED INTENSITY

-26eV

{ |Insulator Phase

Intensity (arb. units)

—2 -1 0 1 2 3 4 5

Binding Energy (eV)

Abatte et al., Sol. State Com. 135, 189 (2005)

VO, M-I Transition (static)

Photoemission
\VO,/TiO,(001) |
= T T
(6) N i
300K £ | {9 | T4
280 K ) 5 F/ !
250 K | cooling EL .
200K | Lo
150 K \ L
20 -0 0 0 20
S gggz L ] Disating Relative Temperature (K)
A ,-E"jﬁwﬂﬁﬁhj"l‘;'lﬁ
Y el
i R
FoA ot ‘
LA '
vl'i‘L‘:'J \
it I
B - | A
2.0 1.5 1.0 0.5 0

Binding Energy (eV)

K. Okazaki et al., PRB 69, 165104 (2004)

Energy (eV)

Energy (eV)
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Theory: VO, Band Structure

(d| character)

6 \wh  Metallic Phase |
] / \_ﬂ Qﬂ;
] \../ I
2+ -
. S
_2-
r MoT Z P A M

{ Insulator Phase |

ZB AY CA E
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Time-resolved ARPES at KeV Energies
hv -
. e € okev

Electrons imnteract strongly

Surface Sensitivity

5-20 A

T T TT1TT] LN S N B B —

Low energy electrons - Final state effects
(perturbation of k)

100

* KeV energy (10-100 meV res.)

i

< - bulk penetration (VUV sources)
(=
=
E - Space charge distortion of EDC
"ﬁj low flux/pulse < high rep. rate
§ 10!
* Electron dynamics

§ T, rapid recovery << high rep. rate

3 i 1 i1 i l: il I i1 1 papal i |

3 10 “ 100 “= 1000 2000

Electron Energy (eV)

maessssssssssssssm L. AWRENCE BERKELEY NATIONAL LABORATORY
R. Schoenlein APS ‘SPX’ Workshop



Summary

~

' A
rreereer ‘m

BERKELEY LAB

Atomic and Electronic Structural Dynamics in Condensed Matter

Scientific Challenges

Structural Dynamics in Colossal Magnetoresistive (CMR) Manganites

Structural Dynamics in Solvated Transition-Metal Complexes

Light Source Capabilities

Complex Correlated Materials

Strongly correlated systems

(high-T, cuprates, CMR manganites)
Magnetic materials

(ferromagnetics, heterostroctures)
Multiferroics

(ferromagnestism/ferroeoectricity, interfaces)
Organics — molecular crystals

Molecular Dynamics — condensed phase
Solute dynamics
Solvent dynamics
Surface chemistry/catalysis

Ultrafast X-ray Spectroscopy
(XANES, XMCD, XMLD, EXAFS)

High Average Flux/Brightness
Synchronization
Tunability (300 eV — 10 KeV)

Soft x-rays — electronic structure
Hard x-rays — local atomic structure
Polarization Control

High Repetition Rate
Time and Angle Resolved Photoemission
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